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It remains obscure how joint inflammation in rheumatoid arthritis is initiated and progressing. In this study, Hirota et al. identified in an animal model of rheumatoid arthritis an inflammatory cellular cascade instigated by an arthritogenic T helper subset and enhanced by GM-CSF-producing synovial-resident innate lymphoid cells.
INTRODUCTION
Proinflammatory cytokines such as IL-1, IL-6, IL-17, IL-23, GM-CSF, and TNF-a are important in the development and maintenance of chronic inflammatory disorders such as autoimmune disease. Neutralization of these cytokines or blockade of their receptors is effective in hampering the progression of tissue inflammation and inducing long-term remission in autoimmune disorders (Cho and Feldman, 2015) . Recent genome-wide association studies of immune-mediated diseases have revealed common inflammatory pathways, involving the genes encoding these cytokines and receptors, in various autoimmune diseases (Parkes et al., 2013) . It remains to be determined, however, how key inflammatory cytokines control non-lymphoid as well as lymphoid target cells in autoimmune tissue inflammation, how environmental factors, as well as genetic factors, contribute to the inflammation, and how the cytokine-dependent inflammatory pathways can be targeted to treat or prevent autoimmune diseases.
IL-17-producing T helper (Th17) cells play critical roles for host defense against infectious pathogens but can also mediate various autoimmune or inflammatory reactions. They express the lineage defining transcription factor Rorgt and require IL-6 and TGF-b for their differentiation and IL-1 and IL-23 for their terminal effector functions (Ivanov et al., 2006; McGeachy et al., 2009; Veldhoen et al., 2006) . In rheumatoid arthritis (RA), for example, it has been shown that various inflammatory cytokines including TNF-a, IL-1, and IL-6 are involved in joint inflammation and that T cells interact with tissue-resident macrophage-like or fibroblast-like synoviocytes (FLSs) in destroying cartilage and bone in the joint (Bartok and Firestein, 2010) . It still remains unclear, however, how arthritogenic Th17 cells mediate chronic tissue inflammation in the joint via local cytokine and cellular networks.
GM-CSF is a key proinflammatory cytokine for the activation of dendritic cells (DCs) and macrophages; for example, DCs respond to GM-CSF to secrete IL-6 and IL-23, which sustain pathogenic Th17 cells in vivo (Sonderegger et al., 2008) . Moreover, IL-1 and IL-23 signaling drives Rorgt-expressing Th17 cells to secrete GM-CSF, perpetuating autoimmune inflammation, for example, in mouse experimental autoimmune encephalomyelitis (EAE) (Codarri et al., 2011; El-Behi et al., 2011) . The antigen-presentation capacity of monocytes and synovial inflammatory macrophages can also be enhanced by stimulation with GM-CSF through upregulation of MHC class II expression (Alvaro-Gracia et al., 1989) . In addition, GM-CSF signaling evokes an inflammatory signature in CCR2 + Ly6C hi monocytes and drives them to induce tissue damage (Croxford et al., 2015) . GM-CSF thus appears to possess pleiotropic effects on monocytes and/or DCs and Th17 cells, augmenting the activation of innate and adaptive immune cells and amplifying tissue inflammation.
The SKG strain of mice, carrying a point mutation in the gene encoding the T cell receptor (TCR)-proximal signaling molecule ZAP-70, develops CD4 + T cell-mediated autoimmune arthritis, which clinically and immunologically resembles RA in humans (Hata et al., 2004; Sakaguchi et al., 2003) . The mice spontaneously develop the disease in a microbially conventional environment but not under a specific-pathogen-free (SPF) condition. Yet the disease can be induced in SPF SKG mice by stimulation of innate immunity via Toll-like receptors (TLRs), the Dectin pathway, or complement activation pathways Yoshitomi et al., 2005) . We previously demonstrated, by using SKG mice, how self-reactive T cells are generated in the process of thymic-positive and -negative selection (Sakaguchi et al., 2003) , become activated in the periphery by recognizing self-antigens, differentiate into arthritogenic Th17 cells upon stimulation of innate immunity (Hirota et al., 2007a) , migrate into the joints (Hirota et al., 2007b) , and aggress self-antigens expressed by synoviocytes (Ito et al., 2014) . In addition, dysfunction of Foxp3 + regulatory T cells due to the ZAP-70 mutation facilitates autoimmune T cells to expand, become activated, and exert their effector functions, causing autoimmune diseases in a wide spectrum of organs or tissues (Tanaka et al., 2010) . These features make this spontaneous model of autoimmune arthritis suitable for elucidating how Th17 cells mediate autoimmune diseases, especially RA, via interacting with other lymphoid and nonlymphoid cells at the inflammation site and controlling their production of inflammatory cytokines.
In this report, we showed via the SKG model of autoimmune arthritis that arthritogenic Th17 cells orchestrated the progression of chronic joint inflammation by stimulating radio-resistant stromal cells including FLSs to secrete GM-CSF and subsequently by expanding GM-CSF-producing innate lymphoid cells (ILCs). Notably, GM-CSF secretion from ILCs was regulated by IL-2, the alarmin IL-33, and endogenous TLR-9 ligands released from damaged tissue-resident cells, in inflamed joints. The results demonstrate how antigen-specific self-reactive T cells stimulate the local cellular and cytokine networks that drive chronic tissue inflammation.
RESULTS

GM-CSF as a Crucial Inflammatory Mediator of Autoimmune Arthritis
A single injection of 20 mg mannan, an activator of the lectin pathway for complement activation, is able to synchronously evoke T cell-mediated autoimmune arthritis within 2-3 weeks in SPF SKG mice with an increase in Th17 cells in lymph nodes and joints . In the draining lymph nodes and inflamed joints of mannan-treated SKG mice, approximately 2% and 7%, respectively, of CD4 + T cells co-expressed IL-17
and GM-CSF, but not IFN-g ( Figures 1A and 1B ). In addition, GM-CSF (encoded by Csf2)-deficient (Csf2 À/À ) SKG mice were highly resistant to the induction of autoimmune arthritis by mannan as were Il17a À/À SKG mice, indicating a crucial role of GM-CSF for arthritis development in SKG mice ( Figure 1C ; Hirota et al., 2007a) .
To determine the origin of such GM-CSF-producing cells in arthritic SKG mice, we generated IL-17-fate reporter SKG mice by crossing SKG mice with Il17a
Cre and R26R eYFP fate reporter strains . Following mannan treatment, more than 30% of CD4 + T cells in inflamed joints were eYFP + , indicating that they were producing IL-17 or had once produced the cytokine (exTh17 cells) ( Figure 1D ). In addition, one-third of eYFP + cells
were producing GM-CSF, indicating that IL-17-producing CD4 + T cells produced GM-CSF in inflamed joints. Also, only $5% of eYFP + cells were producing IFN-g, suggesting that differentiation toward Th1-like cells was not the main cell fate of Th17 or exTh17 cells in this model, in contrast with EAE, in which the vast majority of exTh17 cells were producing IFN-g .
Next, we adoptively transferred CD4 + T cells from Csf2 À/À or wild-type (WT) SKG mice into Rag2 À/À mice to determine the pathogenicity of GM-CSF-producing CD4 + T cells ( Figure 1E ). Csf2 À/À SKG CD4 + T cells were able to induce autoimmune arthritis in all the recipient mice, although arthritis was significantly less severe than that induced by WT SKG CD4 + T cell transfer. Analysis of IL-17 and GM-CSF production by CD4 + T cells in the spleen and inflamed joints revealed that IL-17-producing CD4 + T cells, which were crucial for initiating SKG autoimmune arthritis (Hirota et al., 2007a) , had similarly differentiated from Csf2 À/À or WT SKG CD4 + T cells ( Figure 1F ).
These results demonstrated that both T cell-derived and non-T cell-derived GM-CSF contributed to joint inflammation in SKG mice and that GM-CSF from Th cells was not mandatory for this induction of autoimmune arthritis. 
GM-CSF
FLSs Secrete GM-CSF in Response to IL-17
We next attempted to determine the non-T cell source of GM-CSF in inflamed joints in SKG mice. FLSs are known to be key effector cells capable of secreting large amounts of pro-inflammatory mediators (e.g., tissue-degrading enzymes and cytokines such as TNF-a), which destroy the cartilage and bone in SKG arthritis as in human RA (Bartok and Firestein, 2010; Hata et al., 2004) . Gene expression analysis of FLSs that were freshly isolated from SKG arthritic joints and stimulated in vitro with recombinant IL-17 revealed quick upregulation within 1-3 hr of the expression of Csf2, Ccl20, Cxcl1, Cxcl5, Il6, Nfkbiz, Lif, and Zc3h12a ( Figure 3A ). Yet activated FLSs themselves neither expressed GM-CSF receptor-alpha nor responded to recombinant GM-CSF ( Figure S1A and data not shown). The cells predominantly expressing GM-CSF receptor-alpha in inflamed joints were CD11b + Ly-6C + Ly-6G À inflammatory monocytes, as reported previously with EAE (Croxford et al., 2015) , indicating that this population could be a main target of GM-CSF in the joint ( Figure S1B ). In addition, cell transfer of WT, but not Il17a
Csf2, Ccl20, and Il6 transcription in CD45
À podoplanin + synoviocytes that were purified from the joints 4 weeks after cell transfer ( Figure 3B ). Thus, one of the cellular targets of arthritogenic Th17 cells is FLSs, which secrete GM-CSF upon IL-17 stimulation.
GM-CSF-Producing SynovialResident ILCs Expand in Arthritic Joints and Augment Autoimmune Arthritis
Next, in order to search for a potential hematopoietic source of GM-CSF other than T cells in joint inflammation, we prepared single-cell suspensions from enzyme-digested inflamed joints in Rag2 Figure 4B ). The vast majority of joint-infiltrating cells were CD11b + Ly-6G À inflammatory monocytes or macrophages and CD11b + Ly-6G + neutrophils, a common feature of Th17 cellmediated inflammation (Iwakura et al., 2011 By flow cytometry, most of the joint-infiltrating ILCs expressed IL-7Ra, CD25, IL-33Ra, and CD44, while nearly a half of them expressed c-kit and/or MHC class II, and $10% of them expressed CCR6 ( Figure 4G ). Further analysis of transcription factors defining ILC subsets revealed that approximately 60% and 6% of the ILCs expressed Gata-3 or Rorgt, respectively, indicating predominant expansion of ILC2s in arthritic joints, as shown in intestinal infection (Figures 4H and 4I; Hoyler et al., 2012) . Indeed, GM-CSF-producing ILCs in healthy and inflamed joints expressed Gata-3 and/or IL-13, which are the signature transcription factor and cytokine, respectively, of ILC2s (Figures 4J and S3A) . ILCs with a similar phenotype were also present in normal joints and expanded in collagen antibody-induced arthritis in C57/BL6 mice, indicating that the presence and expansion of GM-CSF-producing synovial ILCs was not dependent on the mouse genetic background or the mode of arthritis induction by autoimmune Th17 cells or autoantibody (Figures 4K and S4) . In addition, inflamed joints contained Rorgt-expressing ILC3s ( Figure 4H ). As ILC3s were reportedly able to produce GM-CSF in the intestine to maintain gut homeostasis (Mortha et al., 2014) , we attempted with IL-17-fate reporter SKG mice to determine whether joint ILC3s, whose signature cytokine is IL-17, also produced GM-CSF. In correlation with the small percentage ($6%) of Rorgt-expressing ILC3s shown in Figure 4H , joint ILCs contained a small fraction ($4%) of IL-17-fate reporter-positive cells producing GM-CSF, suggesting that a part of GM-CSF-producing ILCs were derived from ILC3s in this model ( Figure 4L ). Synovial ILCs also highly expressed the transcription factor encoded by Bhlhe40, which reportedly controlled GM-CSF production by pathogenic Th cells (Figure 4M; Lin et al., 2014; Martínez-Llordella et al., 2013) .
To further determine the contribution of these ILCs to arthritis development, we attempted to selectively deplete ILCs by antiThy1.2 mAb in Thy1.2 + Rag2 À/À mice that had been transferred with CD4 + T cells from Thy1.1 + congenic SKG mice ( Figure 4N ).
Multiple injections of 500 mg anti-Thy1.2 mAb every week indeed reduced the severity of autoimmune arthritis significantly. Taken together, synovial ILCs selectively expanded in arthritic joints, secreting GM-CSF and contributing to the development of autoimmune arthritis.
GM-CSF from Both Radio-Resistant Stromal Cells Including FLSs and ILCs Is Essential for Autoimmune Arthritis Development
To assess the contribution of GM-CSF from either stromal cells or ILCs to autoimmune arthritis, we x-irradiated (6Gy) Rag2 À/À or Csf2 and assessed arthritis score 12 weeks after CD4 + T cell transfer ( Figure 5A ). Rag2
Rag2
À/À mice, in which GM-CSF production was restricted to ILCs or radio-resistant stromal cells including FLSs, respectively, developed significantly less severe arthritis than Rag2 À/À BMtransferred x-irradiated Rag2 À/À mice, in which both ILCs and radio-resistant stromal cells produced GM-CSF ( Figure 5B ). The percentage of total synovial ILCs expanding in inflamed joints was comparable between Rag2 À/À BM transfer and
Csf2
À/À Rag2 À/À BM transfer, although the total number of synovial ILCs was smaller in the latter chimeras presumably because of less severe synovial inflammation ( Figure 5C , data not shown). Also, the latter still possessed a small number of recipientderived GM-CSF-producing ILCs ( Figure 5D ), indicating that reduction, if not complete abrogation, of GM-CSF production in ILCs was able to attenuate arthritis severity. In addition, by Csf2 À/À BM transfer, the proportion of ILCs co-expressing GM-CSF and IL-13 decreased, with similar proportions of total IL-13 + ILCs, suggesting that joint inflammation had expanded Figure 5F ). This selective depletion of synovial GM-CSF-producing ILCs significantly reduced the severity of arthritis ( Figure 5G) .
These results collectively indicate that GM-CSF from both ILCs and radio-resistant stromal cells synergistically contributes to the development of severe autoimmune arthritis in SKG mice.
IL-2, IL-33, and TLR-9 Ligands Control GM-CSF Production by Synovial ILCs Given the finding that IL-2, IL-7, and IL-33 control the effector function of ILC2s in inflamed tissues (Klose and Artis, 2016) , we assessed their contribution to GM-CSF production by ILCs. Among various tissue homogenates prepared from normal mice, joint tissues substantially expressed IL-33, which significantly increased in arthritic joints at both the mRNA and protein levels compared with unaffected joints (Figures 6A  and 6B ). This was consistent with the finding by others that IL-33 was constitutively expressed in the nucleus of some immune cells and stromal cells in inflamed joints (Fock et al., 2013; Kaieda et al., 2010) . We next sorted synovial ILCs and treated them in vitro with IL-2, IL-7, or IL-33 alone or in combination to assess the effects of these cytokines on GM-CSF production by ILCs. Intriguingly, IL-2, but not IL-7, in combination with IL-33 synergistically upregulated GM-CSF production from synovial ILCs, while the IL-2 and IL-33 combination or the IL-7 and IL-33 combination significantly increased the ILC2 signature cytokines IL-13 and IL-5 ( Figure 6C) . We also examined possible expression of TLRs by synovial ILCs, as reported with human ILCs in the tonsil and the intestine (Crellin et al., 2010; Marafini et al., 2015) . Quantitative RT-PCR analysis revealed that synovial ILCs highly expressed Tlr2, Tlr3, Tlr4, and Tlr9 relative to naive Th cells as a negative control (Figure 6D) . Moreover, in vitro stimulation of synovial ILCs with TLR ligands alone or in combination with IL-33 showed that stimulation with each TLR ligand alone failed to induce any GM-CSF production, but CpG DNA, a TLR-9 ligand, in combination with IL-33 significantly increased GM-CSF production more than IL-33 alone ( Figure 6E ). Taken together, IL-33, IL-2, and TLR-9 ligands, especially their combination, in inflamed synovia are able to augment GM-CSF production by synovial ILCs.
GM-CSF-Producing ILCs in Synovial Fluid of RA Patients
With the key role of ILC-derived GM-CSF for the development of arthritis in SKG mice, we next evaluated the proportion and cytokine profile of ILCs in peripheral blood and synovial fluid (SF) obtained from RA or osteoarthritis (OA) patients. All the RA patients examined fulfilled the RA classification criteria of the American College of Rheumatology (ACR) and the European League Against Rheumatism (EULAR) 2010. The patients were 67.9 ± 8.9 (mean ± SD) years old, with disease duration of 25.4 ± 11.8 years. Anti-CCP antibody and rheumatoid factor were positive in all the patients. Disease activity scores in 28 joints using erythrocyte sedimentation rate (DAS28-ESR) were 3.0 ± 0.5. Among 10 patients, 7 were treated with methotrexate, 6 with biological or targeted synthetic disease-modifying anti-rheumatic drugs (tocilizumab; 2, etanercept; 1, golimumab; 1, abatacept; 1, tofacitinib; 1), and 9 with glucocorticoids (4.6 ± 2.1 mg/day prednisolone). The patients with OA were 77.7 ± 4.5 (mean ± SD) years old and fulfilled the grade 4 of Kellgren-Lawrence system for classification of OA. None of the OA patients were treated with immunosuppressive drugs or glucocorticoids. ILCs comprised a sizable fraction ($3%) of CD45 + hematopoietic cellular elements in SF from RA patients and were significantly increased when compared with ILCs in the peripheral blood of RA patients or those in SF from OA patients ( Figures 7A, S2B , and S2C for gating strategies). Notably, the total numbers of SF ILCs from RA patients were markedly increased by $100-fold compared with those from OA patients ( Figure 7B ). The ratio of ILCs expressing GM-CSF, IFN-g, or IL-17 significantly increased, in RA SF compared with RA peripheral blood, with a significant reduction of the ratio of IL-13-expressing SF ILCs, although the latter appeared to increase in absolute number in RF SF compared with OA SF ( Figure 7C ). The majority of GM-CSF-producing cells in SF was CD3 + T cells ($80%), followed by CD11b + myeloid cells ($15%) and ILCs ($5%) ( Figures 7D and 7E) . Thus, GM-CSF-producing synovial ILCs greatly expanded in inflamed joints of RA patients and shared a similar inflammatory signature between mice and humans. The difference in the cytokine expression profile, especially in IFN-g and IL-13 expression, and in the cellular frequencies between human and mouse synovial ILCs could be attributed, at least in part, to the methods of sample collections (synovial tissues in mice versus SF in humans) as well as medications in the patients, different disease courses and stages, variable treatment periods, heterogeneity of disease types, and heterogenous genetic backgrounds of humans.
DISCUSSION
The main finding in this report is that arthritogenic Th17 cells are able to stimulate via IL-17 radio-resistant stromal cells including FLSs to secrete GM-CSF, and also synovial-resident ILCs to expand and produce GM-CSF in inflamed joints. Abrogation of GM-CSF production by either the stromal cells or ILCs is able to prevent Th17 cell-mediated arthritis, while GM-CSF from arthritogenic Th cells is contributory to but not mandatory for arthritis development, at variance with a crucial role of Th17 cell-derived GM-CSF in mouse EAE (Codarri et al., 2011; El-Behi et al., 2011) . The present results do not exclude possible contribution of GM-CSF-producing radio- resistant lymphocytes and non-lymphoid stromal cells other than ILCs and FLSs, inside or outside the joint, to disease manifestation in SKG mice and BM chimeras. Nevertheless, these results strongly support the notion that GM-CSF-producing radio-resistant stromal cells and synovial ILCs are critical components of a key inflammatory cellular cascade for the development of autoimmune arthritis. It has been well substantiated in RA that FLSs in the synovial intimal lining are key effector cells producing large amounts of inflammatory mediators and proteolytic enzymes, such as matrix metalloproteinases (MMPs) and cathepsins, which degrade cartilage and bone (Bartok and Firestein, 2010) . IL-1 and TNF-a synergistically induce GM-CSF in FLSs (Alvaro-Gracia et al., 1991) . Stimulation with IL-17 in combination with IL-1 and TNF-a enhances the production of IL-6 and MMPs by FLSs (Chabaud et al., 2001 ). Here, we have shown that in vitro stimulation of SKG FLSs with IL-17 increases FLS-derived production of neutrophil-recruiting chemokines and GM-CSF, as previously reported with RA synoviocytes (Fossiez et al., 1996; Varas et al., 2015) and that loss of GM-CSF production by radio-resistant stromal cells including FLSs prevents arthritis development.
Since the induction of arthritis is dependent on IL-17 from autoimmune Th cells in our model (Hirota et al., 2007a) , it is likely that Th17 cells stimulated the stromal cells via IL-17 to produce GM-CSF. This can be a key early event to initiate micro-inflammation, which in turn mediates a downstream inflammatory cascade, leading to overt joint inflammation accompanying the infiltration and expansion of Th17 cells, ILCs, neutrophils, and inflammatory monocytes.
GM-CSF-producing synovial-resident ILCs expand in inflamed joints and augment autoimmune arthritis. Among group 1, 2, and 3 ILCs, which are classified by their expression of signature cytokines and master transcription factors (Buonocore et al., 2010; Eberl et al., 2015; Spits et al., 2013) , ILC2s mediate type 2 immunity including allergic reactions and host defense against parasite infections (Moro et al., 2010; Neill et al., 2010; Saenz et al., 2010; Wilhelm et al., 2011) . We have shown here that CD25 + IL-33Ra + GATA-3 + ILC2s actively secreting GM-CSF are a major ILC subset expanding in inflamed joints and that depletion of total ILCs by anti-Thy1 antibody or loss of GM-CSF production in ILCs, without affecting the expansion of GM-CSF-nonproducing synovial ILCs, is able to effectively prevent autoimmune arthritis. Notably, these GM-CSF-producing synovial ILCs are physiologically present in healthy joints of any mouse strain. In addition, the presence of synovial ILCs in healthy joints and the paucity of ILCs in lymphoid organs or blood (Bando et al., 2015; Huang et al., 2015) indicate that ILC's precursors with the capacity to give rise to ILC1s, ILC2s, and ILC3s preferentially migrate from the BM, their primary site of generation, and differentiate into GM-CSF-producing ILCs in the synovia. While bidirectional plasticity between ILC1s and ILC3s was recently observed in the intestinal lamina propria (Bernink et al., 2015) , synovial ILC2s did not appear to originate from ILC3s, which is the major GM-CSF producer in the intestine of mice and humans (Glatzer et al., 2013; Mortha et al., 2014) . These results collectively suggest that GM-CSF may not be an ILC subset-specific cytokine but can be produced by ILC1s, ILC2s, and ILC3s in an environment-dependent manner, as a recent comprehensive transcriptome analysis of ILC subsets showed Csf2 as one of shared transcriptional signatures (Robinette et al., 2015) . In addition, Bhlhe40, which transcriptionally increases the expression of proinflammatory cytokines including GM-CSF in Th1 and Th17 cells (Lin et al., 2014; Martínez-Llordella et al., 2013) , may be another shared molecule driving Csf2 among ILC subsets and may also induce the pathogenicity of GM-CSF-producing synovial ILCs in autoimmune arthritis. It remains to be determined how such synovial ILCs are maintained as a cellular constituent of the normal joint and what physiological roles GM-CSF-producing synovial ILCs play in healthy joints. GM-CSF production by ILCs is stimulated by the alarmin IL-33 and further enhanced by IL-2 and TLR-9 ligands. Synovial ILCs highly expressed CD25 and IL-33Ra, enabling their ligands IL-2 and IL-33, which are abundantly present in inflamed joints, to control GM-CSF production. In addition to well-characterized IL-2-and IL-33-dependent ILC2 control, we have shown in the current study that synovial ILCs expressed functional cytoplasmic TLR9, which may sense mitochondrial DNA (containing unmethylated CpG repeats, a bacterial molecular motif) possibly released as an endogenous damage-associated molecular pattern (DAMPs) (Zhang et al., 2010) . In addition, extracellular mitochondrial DNA, which could experimentally induce arthritis in animals, was reported to be detectable in synovial fluid of RA patients (Collins et al., 2004) . Taken together, synovial ILCs expressing CD25, IL-33Ra, and cytoplasmic TLR9 may sense IL-2, IL-33, and self DNA, which are produced by pathogenic Th cells or released from necrotic joint inflammatory cells, leading to their production of GM-CSF (Xu et al., 2008) .
GM-CSF is abundant in RA synovium and upregulated by IL-1 and TNF-a and by IL-17 (Alvaro-Gracia et al., 1991; Varas et al., 2015) . Anti-GM-CSFRa or anti-GM-CSF showed significant clinical efficacy in RA patients without major adverse effects such as pulmonary alveolar proteinosis, which is caused by autoantibodies against GM-CSF (Behrens et al., 2015; Burmester et al., 2013) . As GM-CSF-producing ILCs, stromal cells, and T cells sense different inflammatory cues such as DAMPs, inflammatory cytokines, and recognition of self-antigens, respectively, in joint inflammation, the importance of each source of GM-CSF may depend on the phase of joint inflammation. For example, GM-CSF from ILCs appears to play a key role in the initiation of autoimmune arthritis, while T cell-derived GM-CSF may contribute to chronic progression of the disease. For better control of local tissue inflammation in RA and other immunological diseases, it is required to further elucidate how GM-CSF production is controlled in T cells, FLSs, and ILCs at various inflammation stages, and how these cell populations interact spatio-temporarily via GM-CSF.
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Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Requests for data or reagents should be directed and will be fulfilled by the Lead Contact, Shimon Sakaguchi (shimon@ ifrec.osaka-u.ac.jp).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice SKG (Sakaguchi et al., 2003) , Il17a À/À SKG (Hirota et al., 2007a) , Rag2 À/À (Setoguchi et al., 2005) , Csf2 À/À (Sonderegger et al., 2008) , Thy1.1 congenic (Setoguchi et al., 2005) mice were used. C57/BL6J mice were purchased from CLEA Japan. Il17a Cre , R26R FP635 , and R26R eYFP mice were backcrossed to SKG for more than eight generations .
Il17a
Cre R26R FP635 , Il17a Cre R26R eYFP , Thy1.1 congenic SKG or Rag2 À/À mice were generated by crossing the strains described above. All the genetically modified mouse strains used in this study were on the BALB/c background and kept under specific pathogen-free conditions. Both male and female mice at 8-12 weeks of age were used for all the experiments. All animal experiments were approved by the Animal Ethical Committee of Immunology Frontier Research Center, Osaka University and Institute for Frontier Life and Medical Sciences, Kyoto University, and performed in accordance with institutional guidelines.
Induction of autoimmune arthritis
Arthritis was induced by either a single injection of 20 mg mannan (Sigma-Aldrich) intraperitoneally , or adoptive transfer of CD4 + T cells intravenously (i.v.) (Hirota et al., 2007a TaqMan Gene Expression (Il1b) ABI Mm00434228_m1
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Software 
Patient information
Detailed information about RA or OA patients is described in the section of Results. Synovial fluid samples from RA or OA patients were obtained at the time of arthrocentesis or surgical operation and cellular fractions were analyzed by flow cytometry. Samples from peripheral blood were taken from the same patients at different time points. Peripheral blood mononuclear cells were separated using Ficoll-Paque PLUS (GE Healthcare). This study has been approved by the Ethical Committee of Kyoto University. Written informed consent was obtained from all the participants.
METHOD DETAILS
Flow cytometry
The following monoclonal antibodies were used for flow cytometry analysis ( For intracellular staining for cytokines, cells were restimulated in IMDM buffer (Sigma-Aldrich) supplemented with 5% FBS (GIBCO), penicillin-streptomycin (Nacalai Tesque), 2-Mercaptoethanol (GIBCO), GlutaMAX (GIBCO), sodium pyruvate (GIBCO), and MEM NEAA (GIBCO) for 4 h with phorbol 12-myristate 13-acetate (50 ng/ml; Sigma-Aldrich) and ionomycin (500 ng/ml; Sigma-Aldrich) in the presence of brefeldin A (1 mg/ml; Merck), fixed with 3.7% formaldehyde (Sigma-Aldrich), permeabilized with 0.1% NP-40 (Nacalai Tesque), and stained with FACS buffer consisting of HBSS (Nacalai Tesque) supplemented with 2% FBS (GIBCO) and 0.1% sodium azide (Nacalai Tesque). All the FACS data were analyzed on FlowJo software.
Preparation of FLS from inflamed joints
Inflammatory synovial cells were prepared by cutting the synovial tissues from arthritic joints into small pieces, followed by enzymatic digestion for 30 min at 37 C in plain IMDM buffer (Sigma-Aldrich) with Liberase TM (0.25 mg/ml; Roche), and then by mashing the digested tissues through 70-mm mesh filter (BD Biosciences). The resultant single cell suspension of synovial tissues was used for flow cytometry or cell sorting experiments. Non-hematopoietic synovial cells adherent to culture dishes were passaged several times without any stimulation in DMEM medium (Nacalai Tesque) supplemented with 20% FBS (GIBCO) and penicillin-streptomycin (Nacalai Tesque) in order to remove synovial immune cells and used as FLS.
Quantitative RT-PCR Total RNA from FLS or inflammatory immune cells isolated from arthritic joints was extracted with TRIzol (Invitrogen) and reverse transcribed with SuperScript VILO (Invitrogen) in accordance with the manufacturer's instructions. The resultant cDNAs served as templates for the amplification of genes of interest and a housekeeping gene by LightCycler 480 (Roche) with qPCR Master Mix (TOYOBO) and ABI TaqMan Gene Expression assays (Bhlhe40; Mm00478593_m1, Ccl20; Mm01268754_m1, Csf2; Mm00438328_m1, Cxcl1; Mm04207460_m1, Cxcl5; Mm00436451_g1, Hprt; Mm01545399_m1, Il1b; Mm00434228_m1, Il6; Mm00446190_m1, Il33; Mm00505403_m1, Lif; Mm00434762_g1, Nfkbiz; Mm00600522_m1, Tlr1; Mm00446095_m1, Tlr2; Mm00442346_m1, Tlr3; Mm01207404_m1, Tlr4; Mm00445273_m1, Tlr5; Mm00546288_s1, Tlr6; Mm02529782_s1, Tlr7; Mm00446590_m1, Tlr9; Mm00446193_m1, Tnf; Mm00443260_g1, Zc3h12a; Mm00462533_m1) . The level of target gene expression was quantified after normalization to Hprt expression. ) from inflamed joints were purified by flow cytometry and cultured overnight in the presence of rhIL-2 (20 U/ml, Shionogi Co.), rmIL-7 (20 ng/ml, R&D systems), rmIL-33 (20 ng/ml, R&D systems), Poly(I:C) (1 mg/ml, InvivoGen), LPS (1 mg/ml, InvivoGen), and CpG DNA (1 mM, InvivoGen). The concentration of IL-5, IL-13, and GM-CSF in the culture supernatant was measured using BD Cytometric Bead Array (BD Biosciences).
QUANTIFICATION AND STATISTICAL ANALYSIS
Data are shown as mean ± standard error of mean (SEM) or mean ± standard deviation (SD). Statistical analysis was done with GraphPad PRISM. A two-tailed t test was used for statistical analysis. ANOVA and Bonferroni post-test were used for grouped data analysis. P value of < 0.05 was considered statistically significant. Sample sizes for all shown data can be found in the figure legends.
